One sentence summary: This approach moves toward standardized comparisons of ARG profiles among laboratories and serves to inform future efforts toward global comparisons of ARG distributions in WWTPs. Editor: Kornelia Smalla
INTRODUCTION
With increases in morbidity and mortality caused by antibioticresistant pathogens, antibiotic resistance genes (ARGs) are important markers for tracking the spread of antibiotic resistance and characterizing human health risk. Historically, ARG characterization has been primarily focused on clinical pathogens (Martinez 2008) . However, pathogens can also acquire antibiotic resistance from non-pathogenic microbes in natural environments through horizontal gene transfer. Recent studies have examined the occurrence of ARGs in different envi-ronments (Schwartz et al. 2003; Pei et al. 2006; Segawa et al. 2013) , demonstrating that human inputs can alter and elevate the distribution of ARGs and contributing to a growing body of evidence that clinical pathogens can obtain ARGs from such reservoirs (e.g. homology of clinical ARGs and soil (Forsberg et al. 2012) and ocean (Hatosy and Martiny 2015) system ARGs).
Wastewater treatment plants (WWTPs) are critical for water sanitation and reclamation, but are also key nodes linking human and natural environments, creating the opportunity for horizontal gene transfer of ARGs between human pathogens and environmental bacteria (Finley et al. 2013; Yang et al. 2014) . The dense and diverse microbial communities within WWTPs make sewage influent, activated sludge and the associated effluent favorable places for ARG transfer. Thus, there is a growing interest in understanding the occurrence and behavior of ARGs in WWTP systems as likely 'hotspots' for ARG proliferation (Renew and Huang 2004; Brown et al. 2006; Watkinson et al. 2009 ).
The majority of research focused on ARGs in WWTPs has relied on PCR-based methods (Volkmann et al. 2004; Auerbach, Seyfried and McMahon 2007; Szczepanowski et al. 2009 ), which have limited capability to access the 'resistome' due to low throughput and their reliance on inherently limited and biased primers. With the emergence of high-throughput DNA sequencing, metagenomic approaches are rapidly expanding in application for profiling ARGs in WWTPs (Wang et al. 2013; Yang et al. 2013) . Based on similarity-based annotation against ARG databases (Liu and Pop 2009; McArthur et al. 2013; Yang et al. 2013 Yang et al. , 2016 , such studies have enabled broad capture, discovery and profiling of ARGs associated with various stages of the WWTP treatment process.
In recent years, a number of joint studies exploring ARGs as global pollutants have been launched (Pruden et al. 2013; Li et al. 2015) . To compare results collected among different research groups, there is a need for standardized protocols, including DNA extraction, sequencing and data analysis. Although several studies have evaluated DNA extraction from activated sludge samples (Bushon et al. 2010; Vanysacker et al. 2010; Guo and Zhang 2013) , until now, no study has evaluated the effect of sample pretreatment and DNA extraction method on metagenomic ARG profiles obtained from key WWTP compartments: activated sludge, influent and effluent, particularly on a global scale. In this study, samples were collected from two WWTPs (one in Hong Kong and the other in Virginia, USA) with six experienced researchers (three from The University of Hong Kong (HKU) and three from Virginia Tech (VT)) participating in sample pretreatment and DNA extraction. Microbial community structure and ARG profiles were explored using metagenomic approaches and the ARG types and taxa in each of the sequenced datasets were compared (Fig. 1) . Real-time quantitative polymerase chain reaction (qPCR) aided in quantitative evaluation of the different sample preparation and extraction approaches to capture representative Gram-positive and negative bacteria. Ultimately, this study takes a step toward establishing standard approaches for global comparison of ARG profiles in WWTPs and other environmental systems. In particular, identifying consistent procedures suitable from various sample types is ideal to avoid bias of downstream analyses toward the specific extraction kit applied.
MATERIALS AND METHODS

Sample collection
Influent, activated sludge and effluent samples were collected in March 2016 from the Shek Wu Hui WWTP located in Hong Kong (HK WWTP), China, and a WWTP located in southwest Virginia, USA (VA WWTP). The samples were subsequently transported either to a laboratory in HKU or VT within 1 h and immediately pretreated for DNA extraction.
Pretreatment of samples
Samples were pretreated accordingly upon receipt in the laboratory. For influent or effluent samples, after homogenization with stirring in a single container, nine independent replicates of equal volume were filter-concentrated using 0.22-μm mixed cellulose ester filters (Millipore, USA) until they clogged (Table S1 , Supporting Information). After filtering, each filter was placed in a 2-mL sterile centrifuge tube and 1.5-mL 50% ethanol was added for sample fixation. Eleven replicate activated sludge samples were homogenized and 500 μL was transferred to 2 mL sterile centrifuge tubes, where 500 μL of 100% ethanol were added to 9 of the 11 replicates for fixation, with the other 2 replicates directly prepared for DNA extraction without fixation by centrifugation at 5000 g for 10 min. All of the fixed samples were immediately stored at -20
• C. A total of 58 samples were prepared for DNA extraction, including nine ethanol-fixed replicates for influent, activated sludge and effluent samples and two fresh activated sludge samples from both WWTPs.
DNA extraction
DNA from each fresh activated sludge sample was extracted individually at the HKU and VT laboratories by different researchers using the FastDNA Spin Kit for Soil (MP Biomedicals, USA) (Enwall, Philippot and Hallin 2005; Zhao et al. 2010; Zhang, Shao and Ye 2012) following the manufacturer's protocol (the optional 55 • C step for 5 min was not used for the DNA elution in the present experiments). For the samples fixed in 50% ethanol, one third of the replicates of influent, activated sludge and effluent from the HK and VA WWTPs were immediately shipped to VT and HKU, respectively. After 3 weeks of storage at -20
• C (for both the in-house and the shipped samples), DNA was extracted from the samples as described below. For influent and effluent samples, the filter that comprised each sample was removed from ethanol with sterilized tweezers, and was then torn into small pieces and transferred to an extraction tube. After centrifuging the remaining ethanol solution (5000 g for 10 min), the ethanol was carefully removed without disturbing the pellet. The pellet was then resuspended in the buffer employed for the first step in each corresponding DNA extraction kit and transferred to the extraction tube containing the filter. Activated sludge samples were pelleted and transferred to extraction tubes in the same manner. Three widely used commercial kits, all employing bead beating and chemical lysis buffer, were evaluated in this study: the FastDNA Spin Kit for Soil (MP Biomedicals) (Enwall, Philippot and Hallin 2005; Zhao et al. 2010; Zhang, Shao and Ye 2012) , the PowerSoil DNA Isolation Kit (MoBio Laboratories, Inc., USA) (Steinberg and Regan 2009; Viau and Peccia 2009; Zhang et al. 2009 ) and the ZR Fecal DNA MiniPrep (Zymo Research Corporation, USA) (Ferrand et al. 2014; Guzman et al. 2015; GarciaMazcorro et al. 2016) . Three replicates of each sample (influent, activated sludge and effluent of two WWTPs) were extracted using each of the three kits following the manufacturer's instructions, with each extraction replicate conducted by a different researcher. For the final elution, the DNA was eluted with same volume DNase-free water (100 μL). The optional 55
• C step for 5 min was not used for the DNA elution in the present experiments. The yield of the extracted DNA was measured using a Qubit 2.0 Fluorometer (Life Technologies, USA), and quality was determined using a Nanodrop R ND-1000 (Thermo, USA). For the high-throughput sequencing with short reads sequencing platform, the 260/280 value usually is more important than the 260/230 value. The residual protein (260/280) would influence the DNA quantification, the DNA fragmentation and the sequencing library construction, while the contamination from reagents (260/230), such as salt, would affect little to the processes for the Illumina sequencing platform (no 260/230 requirement are mentioned in the Illumina website; https://www.illumina.com). Therefore, only the 260/280 value was used to detect the DNA quality. The extracted DNA was examined on a 1% agarose gel in 1 × TAE buffer, run for 40 min under a voltage of 150 V and stained with RedSafeTM Nucleic Acid Staining Solution (iNtRON, South Korea), to assess integrity.
Illumina sequencing
Twenty-nine DNA samples extracted at VT were shipped to HKU and delivered within 5 days, without ice or other measures to control temperature during shipment. Together with the DNA extracted at HKU, a total of 58 DNA samples were used for library construction (250 bp insert). High-throughput sequencing was performed at the Beijing Genomics Institute (BGI, Shenzhen) on an Illumina HiSeq 4000 platform using the index PE150 sequencing strategy (true metagenomics approach). The raw data (Q20 ≥ 85% and Q30 ≥ 80%) was trimmed with the following parameters: (i) removal of reads containing the adapter, (ii) removal of reads containing > 5% ambiguous bases, (iii) removal of reads with single base quality scores < 20 in greater than 15% of the reads. At least 21 million clean metagenomic reads were generated for each of the 58 libraries constructed, resulting in a total of 315.4 Gb (gigabase) of data and 2.1 billion clean reads. The clean reads were then deposited to NCBI Sequence Read Archive database, and the accession number was listed in Table  S2 (Supporting Information).
ARG profiling and taxonomy analysis
For each dataset, due to the limitation of the sequencing length (150 bp), sequenced reads aligned by searching against a database of constructed 16S rRNA gene V6 hypervariable regions using Usearch with a accel cutoff of 0.5, a E-value cutoff of 1e-5 and a maxaccepts cutoff with 10 (Yang et al. 2016) . Operational taxonomic units (OTUs) of these reads were performed using the lowest common ancestor algorithm for a taxonomic analysis of the samples and classified as their annotation. The taxonomy analyses were carried out at OTU level and other taxonomic classification levels (e.g. phylum level, family level) in the present study.
The ARG-like reads among the 58 datasets were identified and classified into different types and subtypes from the metagenomic data using the integrated structured ARG database, which combines the ARDB (Liu and Pop 2009) and CARD (McArthur et al. 2013) databases, but removes duplicated ARG sequences and classifies ARG sequences according to their target antibiotics (e.g. beta-lactams, tetracyclines, aminoglycosides) (Yang et al. 2016) . Specifically, metagenomic datasets were searched against the integrated structured ARG database using Usearch with an accel cutoff of 0.5 and E-value cutoff of 1e-5 (Yang et al. 2016) . Potential ARG-like reads were extracted using in-house Perl scripts and searched against the integrated structured ARG database using BLASTX for accurate annotation. A sequence was annotated as an ARG-like read if its best match in the database had an e-value cutoff of 1e-7, minimum alignment length of 25 amino acids and a minimum 80% amino acid similarity. The ARG profiles in different samples were compared at the type level, the subtype level and the gene level (the reference sequence level).
Real-time qPCR
Quantification of bacterial 16S rRNA genes, as well as of genes specific to Gram-positive and Gram-negative bacteria, was carried out as a means to further compare the extraction efficiencies and potential biases. The effects of different DNA extraction kits, researcher variability and sample fixation were assessed. Triplicate 10 μL qPCR reactions consisting of 400 nM of each primer, 1 × EVA Green Supermix (BioRad) and 1 μL of 1:50 diluted DNA extract were carried out for all of the samples extracted at VT. A dilution factor of 50 was chosen for optimum amplification and minimal inhibition after testing several dilutions on a representative subset of samples. The Escherichia coli-specific gadAB gene was targeted as a Gram-negative gene marker, while the Staphylococcus aureus-specific nuc gene was targeted as a Grampositive gene marker. Thermal cycling consisted of an initial denaturation step of 98
• C (16S rRNA and nuc genes) or 95
• C (gadAB gene) for 2 min followed by 40 cycles of denaturing at 98
• C (gadAB gene) for 5 s, and annealingextension for 5 s. Primers and annealing temperatures applied are specified in Table S3 (Supporting Information). Six-to sevenpoint standard curves were analyzed in triplicate on each plate for each gene based on previously validated quantification standards. Positive detections were defined where at least two of three analytical replicates crossed the quantification cycle (Cq) line. Sample concentrations, in copies/mL, were calculated by multiplying the qPCR-measured starting concentrations by the dilution factor (i.e. 50), then multiplying by the volume of the DNA extract and then dividing by the sample volume.
RESULTS AND DISCUSSION
Selection of DNA extraction procedures
Commercially available kits were considered ideal for the purpose of normalizing procedures for international and multiplelab application. Unlike many other environmental samples, WWTP samples, especially influent and activated sludge, are primarily composed of microbial cells and their products (Frolund et al. 1996; Liu and Fang 2003; Flemming, Neu and Wozniak 2007) . These aggregated cells and associated exopolysaccharides pose a challenge to penetrating the cell wall through shearing or chemical reagents (Davies et al. 1998) . Previous studies have demonstrated that mechanical homogenization, especially bead beating, can improve DNA extraction from samples containing complex microbial communities (Lemarchand et al. 2005; Guo and Zhang 2013) . Therefore, three widely reported DNA extraction kits that employ bead beating for cell lysis were selected for this study.
Assessment of DNA extract quality
DNA extraction yields are summarized in Fig. 2a and Table S2 (Supporting Information). Each extracted DNA sample was eluted with 100 μL DNase-free water. The FastDNA Spin Kit for Soil provided the highest extraction yield (two tailed paired sample t-tests: P < 0.01) among the three kits for all six samples (10.3 ± 3.6 μg per sample, versus 6.5 ± 3.7 μg and 6.8 ± 3.2 μg for PowerSoil DNA Isolation Kit and the ZR Fecal DNA MiniPrep Kit, respectively). The DNA yield from fresh activated sludge samples using the FastDNA Spin Kit for Soil was 11.7 ± 5.0 μg, which was not significantly different from the yield of the ethanolfixed activated sludge samples using the same kit (11.0 ± 2.2 μg). Not surprisingly, samples extracted by different researchers also showed little difference (one-way ANOVA test, P > 0.05). Comparison of 16S rRNA gene copy numbers recovered from each extraction using qPCR also indicated that the FastDNA Spin Kit for Soil provided superior yield, while the other two kits were comparable to each other (Fig. 3) . All three kits provided sufficient DNA (>0.5 μg DNA, or ∼10 7 to 10 8 cells; Christensen, Olsen and Bakken 1995) for library construction, as required by the Illumina HiSeq 4000, the latest version currently available. Cell lysis and DNA recovery efficiency primarily affect the DNA yield (Martin-Laurent et al. 2001) . In the three selected commercial kits, the FastDNA Spin Kit for Soil contains glass beads of different sizes (0.1-4 mm in diameter), the PowerSoil DNA Isolation Kit uses irregularly shaped 0.7-mm garnet fragments and the ZR Fecal DNA MiniPrep uses 2-mm diameter glass beads. Additionally, the FastDNA Spin Kit for Soil employs a suspended matrix of DNA-binding material, which likely increases the available surface area and accessibility for DNA-binding relative to housing the binding material in a spin column, as applied in the other two kits. Thus, the combination of the variable diameter glass beads and the manner in which the binding matrix is employed likely both contributed to the superior DNA yield achieved by the FastDNA Spin Kit for Soil when applied to the wastewater samples. Figure 2b and Table S2 (Supporting Information) provide information regarding the purity of the extracted DNA. A 260 nm/280 nm optical density (OD) ratio between 1.8 and 2.0 is often Figure 2 . DNA yields (a) and purity (b) of the activated sludge (AS), effluent (EF) and influent (IN) samples from VA and HK WWTPs using the three selected kits, as determined by spectrophotometric absorbance using Nanodrop. The marked area indicates the index of optimal DNA purity (1.8 to 2.0). cited for optimal purity (Chong 2001) , as indicative of the wavelengths at which DNA and proteins optimally absorb light, respectively. The FastDNA Spin Kit for Soil (OD 260/280: 1.92 ± 0.03) and the PowerSoil DNA Isolation Kit (OD260/280: 1.84 ± 0.09) outperformed the ZR Fecal DNA MiniPrep (OD260/280: 1.63 ± 0.11) in terms of DNA purity. Meanwhile, the standard deviation of the OD260/280 ratio was consistently smaller for the FastDNA Spin Kit for Soil, suggesting that it provided more consistent DNA extract quality. Additionally, compared to the DNA extracted from fresh samples (OD260/280: 1.88 ± 0.05) using FastDNA Spin Kit for Soil, we found that biomass fixation using 50% ethanol had no measureable impact on the purity of the extracted DNA (P > 0.05), indicating that fixation in ethanol is appropriate for long distance sample shipping, even at ambient temperature.
The size of recovered DNA fragments is also an important indicator of extracted DNA quality. As shown in Fig. S1 (Supporting Information), the DNA obtained using the selected commercial kits was generally characterized by relatively short segments (<20 kb), which is likely a result of the high shear force imposed by the bead-beating processing. (The bead-beating conditions were set as the manufactural protocol.) Although such DNA fragments may not be suitable for the construction of fosmid, cosmid or BAC libraries (Chong 2001) , they were of sufficient length for the short-read sequencing as applied in this study (Guo and Zhang 2013) . Additionally, we noted traces of fluorescence in the sample loading wells for lanes 9, 18, 26, 34, 35, 43 and 54, which is usually a result of protein contamination of the extracted DNA (Tan and Yiap 2009) . Consistent with this observation, all seven of these samples were characterized by low OD260/280 and were extracted using the ZR Fecal DNA MiniPrep Kit. We noticed that the DNA yield of the same sample shown in Table S2 and Fig. S1 (Supporting Information) was not completely matched. As shown in Fig. S1 (Supporting Information), a few samples seemed to contain little DNA. This would possibly due to the protein contaminations or the operating error during the sample loading for the electrophoresis detection. Although the protein contaminations would affect the DNA quantification, the Illumina platforms only need a small quantity of DNA (<0.5 μg DNA) for sequencing library construction. Therefore, even the quantities of extracted DNA in the samples mentioned before were overestimated, the extracted DNA is still sufficient for the Illumina sequencing and the following analyses.
ARG profiles
To compare the ARG profiles of different samples, normalization by the 16S rRNA gene sequence length was conducted. ARG abundances were summarized in this study using the unit 'copy of ARG per copy of 16S rRNA gene'. The three DNA extraction kits indicated similar trends when comparing the influent, activated sludge and effluent samples. Notably, influent samples, which primarily reflect human fecal input, were characterized by the highest abundance of ARGs, especially the HK influent samples (0.58 ± 0.045 copy of ARG per copy of 16S rRNA gene). Interestingly, ARG abundance of HK influent samples was significantly higher than that of VA influent samples (0.30 ± 0.024 copy of ARG per copy of 16S rRNA gene) (t-test P < 0.01), indicative of differences in ARG profiles in the gut bacteria of the residents of Hong Kong and US populations served by the respective WWTPs (Fig. S2, Supporting Information) . Others have proposed that ARG abundance and diversity in the influent can be taken as an average of the ARG profile in the human gut in the gastrointestinal tracts of the residents of the WWTP catchment (Li et al. 2015) . The HK effluent samples contained the fewest ARGs (0.18 ± 0.012 copy of ARG per copy of 16S rRNA gene), indicating that, despite the high influent levels, the wastewater treatment processes effectively removed ARGs. In terms of the total ARG abundance (sum of all the relative ARG abundances), the FastDNA Spin Kit for Soil provided the most reproducible and consistent results, indicating an advantage for studies specifically focused on ARGs.
Without any doubt, ARG profiles did not show significant difference in the same sample extracted by different researchers (one-way ANOVA test, P > 0.05). Figure 4 shows a summary of the ARG profiles of samples treated with the three kits and clustered based on the relative ARG abundances. For all three kits, the six individual sample locations (i.e. influent, activated sludge and effluent of each WWTP) each formed a separate cluster. This is an encouraging finding that, despite differences among the kits, the type of sample was still the main driver of the observed profiles (one-way ANOVA test, P < 0.001), and not the kit itself (one-way ANOVA test, P > 0.05). ARG abundance and diversity, derived from ARG copies per cell (the ARG abundances (ARG per copy of 16S rRNA gene) were corrected by the 16S rRNA gene copies per cell as a previous research (Yang et al. 2016) ), also indicated similar ARG profiles according to sample type (Fig. S3, Supporting Information) . For all of the influent and effluent samples, the DNA extracted using the FastDNA Spin Kit yielded more similar ARG profiles relative to the ZR Fecal DNA MiniPrep, with some distinctions relative to that extracted with the PowerSoil DNA Isolation Kit. All three kits consistently indicated that multidrug resistance genes were the most abundant ARG type across all samples. 
Taxonomic comparison
The microbial community structure, represented as the relative abundance of detected phyla, is summarized for each analyzed sample in Fig. 5 . Across all samples, the most abundant phylum was Proteobacteria, which is consistent with previous studies (Zhang, Shao and Ye 2012) . Notably, the ZR Fecal DNA MiniPrep kit might have selectively extracted significant more DNA from Gram-positive phyla, including Actinobacteria, Nitrospirae, Chloroflexi and Firmicutes, compared with the other two kits (two tailed paired sample t-tests: P < 0.01 compared to the PowerSoil DNA Isolation Kit, 0.01 < P < 0.05 compared to the FastDNA Spin Kit for Soil). Enhanced recovery of DNA from Gram-positive organisms by the ZR Fecal DNA MiniPrep kit was also indicated by qPCR (Fig. 3) . Strikingly, VA effluent extracted using the PowerSoil DNA Isolation Kit clustered with the VA activated sludge samples, while all of the other samples from the same WWTP process clustered together. However, unlike the ARG profile, taxonomic profiles produced by the different kits did not cluster consistently. Additionally, taxonomic analyses at family level also showed similar profiles to that at the phylum level. (Figure S4 illustrated all the annotated families which belong to the phyla contributed more than 5% of the whole microbial community.) For VA activated sludge, VA influent and HK activated sludge samples, those extracted with the FastDNA Spin Kit for Soil clustered with those extracted using the PowerSoil DNA Isolation Kit. The effluent samples from the two WWTPs extracted using the FastDNA Spin Kit for Soil were more similar to the samples extracted using the ZR Fecal DNA MiniPrep. However, for the HK influent sample, the PowerSoil DNA Isolation Kit performed in a more similar manner to the ZR Fecal DNA MiniPrep. In sum, taxonomic clustering was driven by the sample type (one-way ANOVA test, P < 0.001), but relative similarities produced by the three kits varied among the influent, activated sludge and effluent samples (one-way ANOVA test, P > 0.05). Figure 6 shows the results of principal coordinate analysis (PCoA) based on the distribution profiles of the ARGs and the V6 region of the 16S rRNA genes across the 58 samples using Bray-Curtis ordination. The ARG profiles were calculated at the level of the ARG reference sequence (resistance gene level) in the target database, while the taxonomic profiles were calculated based on OTUs calculated using DNA sequence reads aligning with the V6 region of the 16S rRNA genes. Three-dimensional PCoA (Fig. 6 ) explained 66.6% and 68.8% of intersample variance for ARG and taxonomic profiles, respectively. All 58 samples clustered in accordance with the original source, except for the VA effluent sample extracted using the PowerSoil DNA Isolation Kit, which was significantly different from other VA effluent samples. An anomaly with this sample could be the reason for the unexpected result noted above with respect to the taxonomic analysis at the phylum level, i.e. that the DNA extracted from VA effluent using the PowerSoil DNA Isolation Kit did not cluster with the VA WWTP samples extracted with the other kits (Fig. 6) . Meanwhile, the VA activated sludge cluster was the next nearest to the VA effluent cluster, in terms of both ARG and taxonomic profile, suggesting that bacteria from activated sludge escape to the effluent. Additionally, the clusters produced by PCoA confirmed no discernable difference between the fixed/transported/stored and freshly extracted samples in ARG reference sequence level (resistance gene level) and taxonomic OTU level.
PCoA of the taxonomic and ARG profiles
Procrustes analysis, which provides a descriptive summary and graphical comparison of both ARG and taxonomic profiles, was consistent with the above trends, indicating that both the two profiles of all 58 samples clustered according the six individual sampling locations and were consistently correlated (P < 10 -4 , M 2 = 0.083) (Fig. S5, Supporting Information) . This
is the parameter of goodness of fit of the two profiles and lower M 2 values indicate better fit (King and Jackson 1999)) for within-site comparison between the ARG profile and taxonomic composition is suggestive that the horizontal gene transfer of ARGs in the tested WWTP systems is not sufficiently frequent to obscure the association with their host genomes (Forsberg et al. 2014) .
Diversity comparison
It is noticed that due to the complexity of the target samples and the sequencing depth, ARGs' exploration using high-throughput sequencing approaches would be difficult to exactly exhibit the ARGs with low abundance in the target samples in the present study (Yang et al. 2016) . The statistical analyses used in this study were based on the whole profiles of all the detected ARGs in reference sequence level (resistance gene level). It could be used to show the overall differentiated ARG profiles among all the tested samples. To further explore the potential extraction biases among the commercial kits, each dataset was normalized to 21 000 000 reads based on the minimum sequencing datasets obtained across the samples. The integrated, structured ARG database used in this study contained 4049 different reference ARG sequences and ARG-like sequences that were similar to 2530 sequences detected in this study across the 58 normalized datasets. Figure S6a (Supporting Information) shows that the HK influent samples contained the most diverse array of ARGs (1520 ± 34 different ARGs), followed by the VA influent samples (997 ± 44 different ARGs). Considering both of the ARG diversity and relative variance of the datasets, the FastDNA Spin Kit for Soil yielded superior performance for all three sample types at both WWTPs. The diversity analysis indicated a similar distribution of taxa detected in each sequencing dataset of each sample location.
Based on the classification of the V6 region of the 16S rRNA genes, a total of 1367 taxa (at OTU level) were detected across all 58 datasets. HK˙IN samples had the most diverse taxa (332 ± 17 different taxa), followed by the VA IN samples (300 ± 16 different taxa). Figure S6b (Supporting Information) summarizes the diversity of the taxa in each dataset. Besides the VA effluent samples, for which the ZR Fecal DNA MiniPrep performed only slightly better than the FastDNA Spin Kit for Soil, the FastDNA Spin Kit for Soil had the best performance for all of the other five sample sets. Meanwhile, ARG and taxa rarefaction curves generated from representative samples (Figs S7 and S8, Supporting Information) indicated that the sequencing depths were all sufficient to characterize the ARG profiles at the subtype level and again demonstrated that the FastDNA Spin Kit for Soil performed best across all samples, except HK influent. However, we note that the HK influent samples contained the highest total ARG abundance (Fig. S2 , Supporting Information) and that samples extracted using the PowerSoil DNA Isolation Kit contained the fewest taxa among all the HK influent samples. Additionally, 75.0% of the taxa were annotated as Proteobacteria in HK influent samples extracted using the PowerSoil DNA Isolation Kit, of which Gammaproteobacteria contributed 43.4% of the total. For the FastDNA Spin Kit for Soil and the ZR Fecal DNA MiniPrep treated HK influent samples, Proteobacteria contributed 70.2% and 63.2% and Gammaproteobacteria contributed 40.0% and 33.7%, respectively. Considering the fact that Gammaproteobacteria usually positively correlate with ARG abundance (Marti, Jofre and Balcazar 2013) , it is possible that samples treated using PowerSoil DNA Isolation Kit contained higher abundance of ARGs than the samples treated using the other two kits would due to the DNA from Gammaproteobacteria were selective enriched during the DNA extraction. Therefore, considering the diversity of both the ARGs and the taxa, the FastDNA Spin Kit for Soil appears more efficient than the other two kits for recovery of DNA from minor groups of microorganisms.
Sample fixation and transport
To avoid shifts in microbial community composition and loss or damage of DNA during long-term transport or sample storage, sample fixation is often required, especially for international comparisons (Murphy et al. 2002) . We found that fixation of the activated sludge samples did not significantly (t-test P > 0.05) influence the diversity estimates of either the ARGs or taxa. Compared to DNA extracted from fresh VA and HK WWTP activated sludge samples (517 ± 10 and 550 ± 1 ARGs, respectively), fixed samples extracted using the FastDNA Spin Kit for Soil contained similar diversity of ARGs (541 ± 9 and 582 ± 16 ARGs in HK activated sludge and VA activated sludge, respectively). In terms of the diversity of taxa, the ethanol-fixed VA and HK activated sludge samples extracted using the FastDNA Spin Kit for Soil contained 208 ± 12 and 278 ± 7 taxa, while the fresh samples contained 210 ± 5 and 263 ± 8 taxa. qPCR analyses also indicated no apparent differences in gene yields, thereby supporting the conclusion that sample fixation with 50% ethanol is a viable technique for sample preservation prior to DNA extraction. The results of this study also demonstrated that even transport over a maximum distance (i.e. 12 time zones) and at ambient temperature had no impact on the taxonomic or ARG profiles for samples fixed in 50% ethanol (Fig. 6) . Therefore, before DNA extraction, sample fixation using 50% ethanol (final concentration) is suitable for sample pretreatment in metagenomic analysis of ARGs, which is also commonly applied for fluorescence in situ hybridization (Xia, Kong and Nielsen 2007) .
CONCLUSION
In summary, the three DNA extraction kits indicated similar trends when comparing the influent, activated sludge and effluent samples obtained from two WWTPs located on opposite sides of the globe. However, considering both yield and quality and the diversity of ARGs and taxa from the extracted DNA, plus the reproducibility of the extraction, the FastDNA Spin Kit for Soil exhibited superior performance for all sample locations. Ethanol fixation (50%) was also found to be effective for preserving samples, even when shipped at ambient temperature and maximal difference, when assessed both by qPCR and metagenomic analysis. This study takes an important step toward standardizing approaches for international comparison of ARG distributions in WWTPs, which will be key in assessing the impact of local policy, sanitation and treatment processes and informing effective strategies toward mitigating the spread of antibiotic resistance.
SUPPLEMENTARY DATA
Supplementary data are available at FEMSEC online.
FUNDING
The present study was funded by Hong Kong General Research Fund (GRF) 172099/14E and the U.S. National Science Foundation (NSF) Partnership for International Research and Education Award OISE:1545756.
Ethical approval: This article does not contain any studies with human participants or animals performed by any of the authors.
